Activation of the phosphatidylinositol-3 kinase/Akt/mammalian target of the rapamycin (PI3K/Akt/mTOR) pathway and inactivation of wild-type p53 by murine double minute 2 homologue (Mdm2) overexpression are frequent molecular events in acute myeloid leukemia (AML). We investigated the interaction of PI3K/Akt/mTOR and p53 pathways after their simultaneous blockade using the dual PI3K/mTOR inhibitor PI-103 and the Mdm2 inhibitor Nutlin-3. We found that PI-103, which itself has modest apoptogenic activity, acts synergistically with Nutlin-3 to induce apoptosis in a wild-type p53-dependent fashion. PI-103 synergized with Nutlin-3 to induce Bax conformational change and caspase-3 activation, despite its inhibitory effect on p53 induction. The PI-103/Nutlin-3 combination caused profound dephosphorylation of 4E-BP1 and decreased expression of many proteins including Mdm2, p21, Noxa, Bcl-2 and survivin, which can affect mitochondrial stability. We suggest that PI-103 actively enhances downstream p53 signaling and that a combination strategy aimed at inhibiting PI3K/Akt/mTOR signaling and activating p53 signaling is potentially effective in AML, where TP53 mutations are rare and downstream p53 signaling is intact.
Introduction
Signaling via the phosphatidylinositol-3 kinase (PI3K)/Akt/ mammalian target of rapamycin (mTOR) is crucial for divergent physiological processes including transcription, translation, cellcycle progression and apoptosis. [1] [2] [3] Activation of the PI3K/Akt/ mTOR pathway results in disrupted proliferation control and apoptosis, resulting in a competitive growth advantage for cancer cells. [3] [4] [5] Studies have shown that the PI3K/Akt/mTOR pathway is constitutively activated in 50-70% of acute myeloid leukemia (AML) cases, suggesting that this pathway could constitute a therapeutic target. [6] [7] [8] [9] [10] [11] p53 is the most frequently inactivated protein in human cancer, and more than 50% of all solid tumors carry p53 mutations in the TP53 gene that abrogate its DNA binding and transactivation activity. 12 Although TP53 mutations rarely occur in AML, it has been suggested that inactivation of wild-type p53 frequently occurs through binding to its principal cellular regulator murine double minute 2 homologue (Mdm2). [13] [14] [15] Mdm2 is a p53-specific E3 ubiquitin ligase, and mediates the ubiquitin-dependent degradation of p53. 16 Mdm2 has been found to be overexpressed in approximately 50% of AML cases, [13] [14] [15] a process that can actively enhance tumorigenic potential and resistance to apoptosis.
As many pathway components are frequently affected in AML, effective targeted therapies need to be developed that synergize through inhibition of multiple targets. 10, [17] [18] [19] [20] Here we report the interactions of PI3K/Akt/mTOR and Mdm2/p53 pathways following simultaneous inhibition of PI3K/mTOR signaling utilizing the dual inhibitor PI-103 and activation of p53 signaling by Mdm2 inhibitor Nutlin-3. [21] [22] [23] We found that PI-103 enhanced Nutlin-induced, p53-mediated Bax conformational change and mitochondrial apoptosis of AML cells. However, inhibition of PI3K/Akt/mTOR signaling negatively regulated basal and Nutlininduced p53 levels. The reduced p53 induction appeared attributable to mTOR inactivation, which attenuates protein synthesis of p53 at the mRNA translational level. The synergistic apoptotic effects of PI-103 and Nutlin-3 or PI-103 and the DNA damaging agent doxorubicin depended on wild-type p53 status. These findings suggest that PI-103 actively enhances downstream p53 signaling and that a combination strategy aimed at inhibiting PI3K/Akt/mTOR signaling and activating p53 signaling is potentially effective in AML, where TP53 mutations are rare and downstream p53 signaling is intact. 23 
Materials and methods

Reagents
The dual PI3K/mTOR inhibitor PI-103, the PI3K inhibitor LY294002, the mTOR inhibitor rapamycin and the selective small-molecule antagonist of Mdm2, Nutlin-3, were purchased from Axxora (San Diego, CA, USA), dissolved in dimethyl sulfoxide (DMSO) and kept frozen at À20 1C. In some experiments, cells were cultured with 50 mM Z-VAD-FMK (Axxora). Z-VAD-FMK was added to the cells 1 h before drug administration. The final DMSO concentration in the medium did not exceed 0.1% (v/v). At this concentration, DMSO itself had no effect for up to 72 h on cell growth or viability of AML cells used in this study.
Cell lines, primary samples and cultures
AML cell lines were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal calf serum (FCS). OCI-AML-3 and MOLM-13 cells have wild-type p53. In HL-60, p53 is disabled by a large deletion of the TP53. OCI-AML-3 cells were transduced with retroviruses encoding either p53-specific shRNA (nucleotides 611-629, GenBank accession no. NM000546) or scrambled shRNA and stable shRNA-expressing cells were generated. 24 The corresponding oligonucleotides were annealed and cloned under the control of the H1 promoter into a self-inactivating lentiviral vector. The vector was also designed to carry the green fluorescent protein reporter gene under control of the human ubiquitin-C promoter to monitor infection efficiency. Lentiviral infections were done essentially as previously described, 24 and the potency and specificity of each construct were determined by protein immunoblotting. Cell lines were harvested in log-phase growth, seeded at a density of 2 Â 10 5 cells per ml and exposed to PI-103 and/or Nutlin-3 simultaneously. Heparinized bone marrow and peripheral blood samples with more than 70% leukemia cells were obtained from previously untreated AML patients after informed consent, according to institutional guidelines per Declaration of Helsinki. Mononuclear cells were purified by Ficoll-Hypaque (Sigma Chemical Co., St Louis, MO, USA) density-gradient centrifugation and nonadherent cells were resuspended in RPMI 1640 medium supplemented with 10% FCS at a density of 5 Â 10 5 cells per ml. Cell viability was evaluated by triplicate counts of trypan blue dye-excluding cells.
Apoptosis analysis
Evaluation of apoptosis by the Annexin V-propidium iodide (PI) binding assay was performed as described. 23 To measure mitochondrial membrane potential (Dc m ), cells were loaded with MitoTracker Red CMXRos (300 nM) and MitoTracker Green (100 mM, both from Molecular Probes, Eugene, OR, USA) for 1 h at 37 1C. The c m was then assessed by measuring CMXRos retention (red fluorescence) while simultaneously adjusting for mitochondrial mass (green fluorescence). All experiments were conducted in triplicate.
Western blot analysis
Western blot analysis was performed as previously described. 23 The following antibodies were used: rabbit polyclonal anti-p53 (FL-393; Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse monoclonal anti-Mdm2 (D-12; Santa Cruz Biotechnology); rabbit polyclonal anti-phospho-Mdm2 (Ser 166 ); mouse monoclonal anti-p21 (Ab-1; EMD Biosciences, San Diego, CA, USA); rabbit polyclonal anti-Puma (Ab-1; EMD Biosciences); mouse monoclonal anti-Noxa (114C307; EMD Biosciences); rabbit polyclonal anti-Bax (Cell Signaling Technology, Beverly, MA, USA); mouse monoclonal anti-Bcl-2 (Dako Cytomation, Carpinteria, CA, USA); rabbit polyclonal anti-survivin (R&D Systems, Minneapolis, MN, USA); rabbit polyclonal anti-caspase 3 (Cell Signaling Technology); rabbit polyclonal anti-Akt (Cell Signaling Technology); rabbit monoclonal antiphospho-Akt (Ser 473 ; Cell Signaling Technology); rabbit monoclonal anti-p70 S6 kinase (Cell Signaling Technology); rabbit polyclonal anti-phospho-p70 S6 kinase (Thr 389 ; Cell Signaling Technology); rabbit polyclonal anti-4E-BP1 (Cell Signaling Technology); rabbit monoclonal anti-phospho-4E-BP1 (Thr 37/46 ; Cell Signaling Technology) and mouse monoclonal anti-b-actin (AC-74; Sigma Chemical Co.).
Cell cycle analysis
Cells were permeabilized in 70% ice-cold ethanol, incubated overnight with PI solution (25 mg/ml PI) and analyzed as described previously. 23 Data were gated on the FL2-area versus FL2-width cytogram to exclude doublets and aggregates, and a minimum of 3 Â 10 4 gated cells was analyzed per sample.
Quantitation of intracellular proteins by flow cytometry
For intracellular p53 detection, cells were fixed with 2% paraformaldehyde, permeabilized with 100% ice-cold methanol and incubated for 1 h at 4 1C with antibody against p53 or its isotypic control (BD Biosciences, San Jose, CA, USA). 25 Involvement of Bax conformational change was analyzed by means of an antibody directed against the NH 2 -terminal region of Bax (YTH-6A7; Trevigen, Gaithersburg, MD, USA). 25 Cellular fixation, permeabilization and staining with primary antibody or an isotypic control were performed using the Dako IntraStain kit (Dako Cytomation), according to the manufacturer's instructions. After washing, cells were incubated with Alexa Fluor 488 chicken anti-mouse secondary antibodies (Molecular Probes) for 30 min at 4 1C. Total Bax levels were determined by using polyclonal anti-Bax antibodies (Cell Signaling Technology) and Alexa Fluor 488 chicken anti-rabbit secondary antibodies (Molecular Probes).
Real-time quantitative PCR
OCI-AML-3 cells were treated with 5 mM PI-103 and/or 5 mM Nutlin-3a for up to 4 h. RNA was prepared from cells using a RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and first-strand cDNA was generated using random hexamers (SuperScript III First-Strand Synthesis SuperMix; Invitrogen, Carlsbad, CA, USA) from 1 mg total RNA. The mRNA expression levels of p53 and 18S were quantified using TaqMan gene expression assays (p53: 4319446F, 18S: 4319413E, Applied Biosystems, Foster City, CA, USA) on an ABI Prism 7000 Sequence Detection System, as described previously. 18 
RT-PCR and DNA sequencing of p53
Total RNAs were extracted from bone marrow and peripheral blood mononuclear cells with the RNeasy Mini Kit (Qiagen, Hilden, Germany). First-strand cDNA synthesis was performed with oligo(dT) as primer (Superscript II System; Invitrogen). PCR for p53 gene expressions followed by direct sequencing were performed as described previously. 23 
Statistical analysis
The statistical analysis was performed using the 2-tailed Student's t-test and the Pearson's correlation coefficient. Statistical significance was considered when Po0.05. Average values were expressed as mean±s.d. Synergism, additive effects and antagonism were assessed as previously described. 23 The combination index (CI), a numerical description of combination effects, was calculated using the more stringent statistical assumption of mutually nonexclusive modes of action. When CI ¼ 1, this equation represents the conservation isobologram and indicates additive effects. CI values less than 1.0 indicate a more than expected additive effect (synergism), whereas CI values more than 1.0 indicate antagonism between the two drugs.
Results
PI3K/mTOR inhibition by PI-103 enhances Nutlin-induced, p53-mediated apoptosis in AML cell lines
We first examined the effect of the dual PI3K/mTOR inhibitor PI-103 on the growth and viability of cultured AML cell lines. OCI-AML-3 and MOLM-13 cells had wild-type p53 and HL-60 cells deleted p53. OCI-AML-3 and MOLM-13 cells constitutively expressed phosphorylated Akt and 4E-BP1 (Figure 1a ). HL-60 cells expressed phosphorylated 4E-BP1 but lacked phosphorylated Akt. OCI-AML-3 cells were treated with increasing concentration of PI-103 for 24 h, and the activity was measured by monitoring phosphorylation of Akt and 4E-BP1. PI-103 almost completely (495%) blocked the constitutive phosphorylation of Akt at 5 mM in OCI-AML-3 cells (Figure 1b) . PI-103 partially inhibited phosphorylation of 4E-BP1, with 50% inhibition at 6.3 mM. PI-103 inhibited the proliferation of AML cells by inducing G 1 -phase cell cycle arrest (Table 1) whereas it exhibited modest cytotoxic activity associated with induction of apoptosis ( Figure 1c ). These results are consistent with previously published data. 21 To clarify if PI-103 enhances p53-dependent apoptosis, we next combined PI-103 and Nutlin-3. As shown in Figure 1c Figure 1c ). To confirm that the synergism depends on p53, we investigated the combination effect of PI-103 and Nutlin-3 on apoptosis induction in OCI-AML-3 cells infected with retroviruses encoding either scrambled shRNA or p53-specific shRNA. Knockdown of p53 in OCI-AML3 cells not only rendered this cell line resistant to Nutlin-induced apoptosis but also attenuated apoptosis induction by the PI-103 and Nutlin-3 combination (Figures 1d and e) . As PI-103 potentiated p53-mediated apoptosis at concentration as low as 0.5 mM in OCI-AML-3 cells (Figure 1f) , it is unlikely that off-target effect of PI-103 plays a central role in the synergistic apoptotic effect between PI-103 and Nutlin-3.
PI-103 enhances p53-mediated Bax activation
Because PI-103 itself had a modest apoptogenic effect, we hypothesized that PI3K/mTOR inhibition could actively enhance p53 signaling. p53-mediated apoptosis pathways converge upon interaction between anti-and proapoptotic Bcl-2 family proteins, resulting in activation and conformational change of the proapoptotic Bax. 26 Involvement of Bax conformational change was analyzed by an antibody directed against the NH2-terminal region of Bax (clone YTH-6A7). The epitope-specific antibody can react only with Bax in active conformation because the NH2-terminal region is occluded in unstressed intact cells. 27 Cells were preincubated for 1 h in the presence of 50 mM Z-VAD-FMK before the addition of PI-103, Nutlin-3 or both to inhibit caspase activation-mediated Bax cleavage. As shown in Figure 2a , few control cells were stained with this antibody. Irrespective of p53, PI-103 induced conformational change of Bax. As reported, an increase in the 
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PI-103 reduces basal and Nutlin-induced p53 levels
To examine if the synergistic apoptotic effect between PI-103 and Nutlin-3 is associated with p53 induction, changes in p53 levels were assessed after 12-h treatment. Unexpectedly, PI-103 treatment of p53 wild-type AML cells reduced basal p53 levels and inhibited p53 induction by Nutlin-3 (Figures 2b-d) , suggesting that PI-103 actively enhances p53-mediated apoptosis downstream of p53.
PI-103 inhibits protein synthesis of p53 at the mRNA translational level via mTOR inhibition
To monitor the fate of previously stabilized pools of p53, OCI-AML-3 cells were preincubated for 1 h with 70 mM cycloheximide, and 5 mM PI-103 was added. Cycloheximide did not affect the rate of decrease in p53 levels after PI-103 treatment (Figure 3a) , suggesting that PI-103 would reduce p53 levels via the blockage of new protein synthesis. We next investigated if the reduction of p53 levels is prevented by the proteasome inhibitor MG132. After 1 h preincubation with 0.2 mM MG132, OCI-AML-3 cells were treated with 5 mM PI-103. MG132 did not block p53 reduction after PI-103 treatment (Figure 3a) , indicating that the mechanism(s) of p53 decrease is independent of ubiquitilation. We treated OCI-AML-3 cells with PI-103 or Nutlin-3 for 4 h and monitored the expression of p53 mRNA by Table 1 Antiproliferative activity of PI-103
Abbreviations: AML, acute myeloid leukemia; DMSO, dimethyl sulfoxide; PI, propidium iodide. AML cells were treated with 5 mM PI-103 for 24 h and examined by flow cytometry. PI-103 effects in p53 wild-type AML K Kojima et al real-time PCR. In these conditions, PI-103 did not significantly affect the p53 mRNA levels (Figure 3b ). These findings suggest that PI-103 could inhibit p53 synthesis at the translational level. PI-103 is a dual PI3K/mTOR inhibitor and we next investigated if single inhibition of PI3K or mTOR could reduce p53 levels. OCI-AML-3 cells were treated with the PI3K inhibitor LY294002 or the mTOR inhibitor rapamycin, and p53 levels were determined. As shown in Figure 3c , both LY294002 and rapamycin reduced basal and Nutlin-induced p53 levels. As mTOR activation is downstream of PI3K signaling, mTOR inhibition appeared to be a component that contributes to p53 inactivation. We also examined the effect of LY294002 and rapamycin on Nutlin-induced apoptosis. Interestingly, despite their inhibitory effect on p53 induction, both LY294002 and rapamycin synergize with Nutlin-3 to induce phosphatidylserine externalization, Bax conformational change and mitochondrial membrane permeabilization (Figure 3d ).
OCI-AML-
PI3K/mTOR inhibition results in decreased expression of p53-related pro-and antiapoptotic Bcl-2 family proteins and activation of caspases in AML cells
To investigate the molecular events that contribute to apoptosis after PI-103/Nutlin-3 treatment, OCI-AML-3 cells were treated for 12 h with 5 mM PI-103 or 5 mM Nutlin-3, either as individual agents or in combination, and p53-related pro-and antiapoptotic protein levels were investigated. In accordance with the results of flow cytometry, PI-103 reduced basal and Nutlin-induced p53 levels (Figure 4a ). Interestingly, PI-103 treatment resulted in decreased expression of many proand antiapoptotic proteins (Figure 4a ). Levels of downstream transcriptional targets of p53 including Mdm2, p21 and Noxa were decreased. Noxa is a major p53-induced proapoptotic Bcl-2 family protein. Levels of the antiapoptotic proteins Bcl-2 and survivin were also decreased. Puma, Bax and b-actin levels did not change significantly. Nutlin-3 induced proapoptotic Noxa and Bax as well as Mdm2 and p21 (Figure 4a ). Although extended p53 activation reduces Bcl-2 and survivin levels, 28 their decrease was not evident after a 12-h exposure to Nutlin-3. The PI-103/Nutlin-3 combination disrupted the balance of anti-and proapoptotic Bcl-2 family proteins, resulting in relatively decreased levels of antiapoptotic Bcl-2 and survivin levels (Figure 4a) . Bax, Puma, Bcl-2 and survivin were detectable in p53-deleted HL-60 cells, and their levels were decreased after PI-103 treatment (Figure 4b ), suggesting that PI-103 reduces various p53-related proteins in a p53-independent fashion. PI-103 induced cleavage of caspase 3, which was enhanced by Nutlin-3 cotreatment in p53 wild-type OCI-AML-3 cells (Figure 4c) . Akt has been known to induce phosphorylation of Mdm2 at Ser 166 , allowing Mdm2-mediated ubiquitination and degradation of p53. 29 The possibility that PI-103 paradoxically phosphorylates Mdm2 was excluded because PI-103 inhibited phosphorylation of Akt and Mdm2 (Figures 4a and 5 ). 
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PI-103/Nutlin-3 combination abrogates phosphorylation of 4E-BP1
We investigated the effect of PI-103/Nutlin-3 on PI3K/mTOR signaling. PI-103 was effective in blocking phosphorylation of Akt that signals downstream of PI3K ( Figure 5 ). Nutlin-3 did not interfere with the phosphorylation status of Akt. PI-103 also blocked the phosphorylation of p70 S6 kinase and 4E-BP1, downstream markers of mTOR signaling ( Figure 5 ). Interestingly, Nutlin-3 treatment resulted in decreased levels of phosphorylated 4E-BP1. Furthermore, the PI-103/Nutlin-3 combination almost completely abrogates phosphorylation of 4E-BP1 in the absence of apoptosis of this timepoint. Translation repressor protein 4E-BP1 inhibits cap-dependent translation by binding to the eIF4E translation initiation factor and dephosphorylation of 4E-BP1 results in inactivation of translation. 30 Thus, cooperative dephosphorylation of 4E-BP1 by PI-103 and Nutlin-3 might contribute to decreased expression of a wide range of proteins.
PI-103 synergizes with doxorubicin to induce apoptosis in AML cells
Anthracyclines are one of the most active chemotherapeutic agents for the therapy of AML and they remain the backbone of induction and consolidation regimens. We investigated if PI3K/ mTOR inhibition potentiates the apoptotic effect of doxorubicin, a DNA damaging agent, which activates p53. AML cells were treated with PI-103 and doxorubicin for 24 h, either as individual agents or in combination. OCI-AML-3 cells were treated with doxorubicin at 0, 100, 250 or 500 nM and MOLM-13 and HL-60 cells at 0, 50, 100 or 250 nM. The concentration ratio of doxorubicin to Nutlin was 1:10. The results indicated a synergistic interaction of PI-103 and doxorubicin in induction of apoptosis in OCI-AML-3 and MOLM-13 cells (Table 2) . PI-103 and doxorubicin showed a moderate antagonistic effect on apoptosis induction in HL-60 cells. As doxorubicin has p53-independent mechanisms to induce apoptosis, it remains unclear which mechanism(s) of doxorubicin could antagonize PI-103 to induce apoptosis. To further investigate the role of p53 in the interaction between PI-103 and doxorubicin, we used OCI-AML-3 cells with retroviruses encoding either scrambled shRNA or p53-specific shRNA. The interaction study showed synergistic effects in parental and scrambled OCI-AML-3 cells but not in p53 knockdown cells ( Figure 6 ). The averaged CI values were 0.67 in parental cells (0.70 for ED50, 0.68 for ED75, 0.66 for ED90, 0.64 for ED95), 0.76 in scrambled cells (0.71 for ED50, 0.74 for ED75, 0.79 for ED90, 0.83 for ED95) and 1.56 in p53 knockdown cells (1.21 for ED50, 1.43 for ED75, 1.69 for ED90, 1.91 for ED95). We suggest that the synergistic interaction of PI-103 and doxorubicin appeared to at least partially depend on p53 status ( Figure 6 ).
PI-103 augments p53-mediated apoptosis in primary AML cells
We cultured primary cells from seven AML patients with more than 70% blasts with PI-103 and/or Nutlin-3, and evaluated apoptosis after 48 h. TP53 mutation was not detected in these cases. The cells expressed phosphorylated Akt and 4E-BP1 with a wide degree of variation (Figure 7a ). The protein expression levels relative to an internal control b-actin ranged from 0.4 to 4.5 in phosphorylated Akt and from 1.3 to 3.2 in phosphorylated 4E-BP1. There was no significant correlation between relative levels of phosphorylated Akt and 4E-BP1 (r ¼ 0.64, P ¼ 0.12). We then investigated the correlation between their expression levels and degree of apoptosis by PI-103. There was not a significant correlation between relative phosphorylated Akt or 4E-BP1 levels with the percentage of PI-103-induced specific Annexin V induction (r ¼ 0.24, P ¼ 0.61 in phosphorylated Akt and r ¼ 0.55, P ¼ 0.20 in phosphorylated 4E-BP1). The cooperative PI-103 effects in p53 wild-type AML K Kojima et al nature of the PI-103/Nutlin-3 interaction was seen in six of seven primary samples (Figure 7b ).
Discussion
Our data support a mechanistic rationale by which inhibition of PI3K/Akt/mTOR signaling can augment p53-mediated apoptosis. As inhibitors directed at PI3K (LY294002) or mTOR (rapamycin) alone enhanced Nutlin-induced apoptosis, as was seen for the dual PI3K/mTOR inhibitor PI-103, one of the targets for enhancing p53-mediated apoptosis appeared to be mTOR. It has been shown that PI3K/Akt/mTOR signaling includes a negative feedback loop originating from mTOR and targeting an upstream component of the signaling chain. 21, 31, 32 Although inhibition of mTOR generally leads to a cytostatic cellular response, it has been shown to greatly enhance the proapoptotic effect of cytotoxic agents known to act through different mechanisms. [33] [34] [35] Several mechanisms have been described, including downregulation of antiapoptotic Bcl-2 family proteins or inhibition of p21 translation, both of which were found in our PI-103/Nutlin-3 combination. [33] [34] [35] Inhibition of Akt is another candidate mechanism for enhancing p53-mediated apoptosis, because synergistic Bax activation was much more prominent in the PI-103/Nutlin-3 or LY294002/Nutlin-3 combination than in the rapamycin/Nutlin-3 combination. Akt is the physiological Bax kinase responsible for abrogation of Bax-mediated proapoptotic activities.
1 Akt inhibits the Bax conformational change, preventing disruption of the mitochondrial membrane potential and caspase-3 activation. 36, 37 The dual PI3K/mTOR inhibitor PI-103 has been shown to shut down the negative feedback from mTOR and to efficiently reduce Akt phosphorylation. 21 The inhibitory effect of PI-103 on Akt activation may explain why PI-103 (and LY294002) more efficiently augmented p53-mediated apoptosis than rapamycin.
We found that Nutlin-3 blocks phosphorylation of 4E-BP1, a downstream marker of mTOR. 4E-BP1 is an mRNA translation repressor and its phosphorylation is associated with active mRNA translation. 30 Consistent with our results, using murine leukemia cells expressing a temperature-sensitive p53 or a doxycycline-inducible lung carcinoma cell line model capable of expressing p53, it has been reported that wild-type p53 activation dephosphorylates 4E-BP1 and inhibits translation initiation. 38, 39 Cooperative dephosphorylation of 4E-BP1 by PI-103 and Nutlin-3 suggests that mTOR inhibition and p53 activation strongly disrupt mTOR-mediated translational control, resulting in imbalanced expression of pro-and antiapoptotic proteins and unstable mitochondrial membrane potential.
There was no significant correlation between the levels of phosphorylated Akt and those of phosphorylated 4E-BP1 in primary AML samples. Such discrepancy was also seen in HL-60 cells, which showed high levels of phosphorylated 4E-BP1 with undetectable levels of phosphorylated Akt. It has been reported that mTOR activity could be controlled through the Erk pathway. [40] [41] [42] As constitutive Erk activation is seen in a majority of clinical AML specimens as well as in HL-60 cells, 43 activation of the Raf/Mek/Erk pathway could mediate 4E-BP1 phosphorylation independent of the status of the PI3K/Akt/mTOR signaling. Identification of predictive biomarkers for PI-103 would allow identification of patients who are most likely to benefit from dual PI3K/mTOR inhibition. In our series of primary samples, however, neither phosphorylated Akt nor phosphorylated 4E-BP1 levels were predictive of apoptotic response to PI-103. This could be attributable to the cellular effects of PI-103 effects in p53 wild-type AML K Kojima et al PI3K/mTOR inhibition, which is cytostatic rather than cytotoxic. 21 Another possibility is that deregulation of the Raf/Mek/ Erk pathway is a determinant in AML cell resistance to PI-103, as recently reported in cancer cell lines to PI3K inhibitors. 44 Further investigation is needed to clarify the predictive biomarkers for apoptosis induced by PI-103 or PI-103/Nutlin-3 combination.
A promising quality of PI-103 is its lack of toxicity in preclinical mouse models. 21 Recent preliminary data suggest that PI-103 effectively inhibits AML progenitor growth with relatively little effect on normal hematopoietic progenitors. 45 Our results support further investigation into the potential of PI-103 in combination with agents like Nutlins or existing p53-inducing therapies in AML.
